In this study, we demonstrate a non-modulated triaxial magnetic field compensation method for spin-exchange relaxation-free (SERF) atomic magnetometers. We realize simultaneous compensation of the magnetic field along the pump and probe directions by maximizing the first order differential value of the zero-field resonance signal. The magnetic field perpendicular to the pump-probe plane is compensated by zeroing the DC response of the magnetometer. The zero-field resonance is obtained by applying a linearly changed magnetic field along the direction perpendicular to that of the pump-probe plane. The first order differential of the zero-field resonance is acquired using the second order central difference method in real time. Compared with the conventional compensation methods, this method does not involve modulation and demodulation. Therefore, it requires no lock-in amplifier, thus making it more applicable in miniature atomic devices. Moreover, this method compensates the magnetic field along the pump and probe directions using only one criterion. It avoids the cross-talk effect between the pump and probe directions in the presence of non-orthogonal coils. The experiment results show that the compensation resolution is 9 pT, 7 pT and 0.05 pT for the probe, pump, and direction perpendicular to the pump-probe plane, respectively.
I. INTRODUCTION
The atomic magnetometer operating in the spin-exchange relaxation-free (SERF) regime is currently known as the most sensitive detector in the low frequency magnetic field. The high sensitivity of SERF magnetometers has broadened the application range from fundamental physics research [1] , [2] and magnetic property tests [3] , [4] to portable devices for magnetoencephalography (MEG) [5] , [6] . It is operated with a high density of alkali atoms in extremely weak
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fields to eliminate the relaxation caused by spin-exchange collisions [7] , [8] .
To achieve a very weak magnetic field environment, passive magnetic shield is adopted to reduce the spatial magnetic field to the order of 1 nT [9] , [10] . Then, the residual magnetic field components should be further zeroed by the active magnetic compensation [7] , [11] . Several methods to realize vector field measurement and in situ triaxial active compensation have previously been proposed. One type of these methods is the field modulation method [12] - [16] . S. Seltzer et al. realized a triaxial SERF magnetometer in an unshielded environment by applying cross field modulation to two field components [12] . Z. Li et al. utilized the parametric modulation VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ of the magnetic field along the pump direction to detect the other two components [13] . H. Huang et al. demonstrated two types of three-axis atomic magnetometers based on the spin precession modulation and rotation modulation [14] , [15] . All these field modulation methods contain elaborate modulation and demodulation process which increases the complexity of the system. These methods also usually have three different criterions for triaxial magnetic field compensation which can lead to a significant cross-talk effect. Another type is the non-modulated method [17] - [20] . A. Papoyan et al. realized a three-axis vector magnetometry method based on the nonlinear Hanle effect which was operated in the unshielded condition [17] , [18] . This method has a 0.5-1 µT B-field compensation resolution. J. Fang et al. and H. Dong et al. developed a zero field finding technique using the transmitted power of circularly polarized light [19] , [20] . This method works well under large background magnetic field but is not suitable for fine compensation.
In this study, we propose a novel non-modulated triaxial magnetic compensation method for SERF atomic magnetometers based on the zero-field resonance, which is suitable for fine compensation. We present a new view to analyze triaxial magnetic field compensation and convert ''maximizing the response signal of the magnetometer under a slow sinusoidal magnetic field'' into ''maximizing the first order differential value of zero-field resonance'' which can avoid the modulation and demodulation process. To put our theory into practice, we developed a new method using the second order central difference and low-pass filter to extract the maximum of first order differential value of the zerofield resonance. First, the zero-field resonance is obtained by scanning the magnetic field perpendicular to the pumpprobe plane. Then, the first order differential value of the resonance spectrum reaches its maximum when the magnetic field along the pump and probe beam becomes zero. Finally, the magnetic field perpendicular to the pump and probe beam is nulled using the DC response of the magnetometer. This method compensates for the magnetic field along the pump and probe directions using only one convergence criterion to reduce the cross-talk effect and improve the efficiency of the compensation process. Furthermore, since additional lock-in amplifiers are not required in this method, it is apt for applications that require a compact size.
The rest of this paper is organized as follows. Section II introduces the theory of zero-field resonance and presents the simulation results to illustrate the principle of this compensation method. The influence of the non-orthogonal angle of the magnetic field coils and the advantage of avoiding the cross-talk effect of our method are also discussed in this section. Section III describes the structure of the experimental setup and shows the experimental method and process. In section IV, the compensation results and compensation resolution are expatiated. Finally, Section V summarizes the main conclusion of the experimental results and discusses the future work based on the current research.
II. PRINCIPLE A. THE BLOCH EQUATION
In the SERF regime with sufficiently slow spin precession such that ω/R SE 1, where ω is the Larmor precession frequency, R SE is the spin-exchange rate, the dynamics of the electron spins in the ground state can be described by a Bloch equation [21] :
where S is the electron spin vector, B is the vector of the applied magnetic field, s is the photon polarization of the pumping beam which equals to one for circularly polarized light, q is the slowing down factor, γ e is the electron gyromagnetic ratio, R op is the optical pumping rate, R rel is the sum of all depolarization rates except the optical pumping rate, and z is the direction of the pump light. In our experiment, the probe beam is along the x-axis and the direction perpendicular to the pump-probe plane is defined as y-axis.
B. THE ZERO-FIELD RESONANCE AND ITS DIFFERENTIAL
In the absence of any magnetic field, namely B = 0, the equilibrium spin polarization S 0 is given by [21] S 0 = 1 2
With a slowly changing magnetic field, the steady-state solution of the Bloch equation can be obtained by setting dS/dt = 0. The electron spin component along the x-axis can be written as [21] 
where S x is the x-component of the electron spin, and β = γ e B/(R op + R rel ) is the dimensionless magnetic field parameter. Under small magnetic field background, S x is more sensitive to β y than β x and β z . When β x and β z are small enough such that their second order small quantities can be neglected, S x is a function of β y with an out-of-phase dispersion form, which is the zero-field resonance (ZFR) [22] , [23] . The zerofield resonance signal is shown in Figure 1 (a). The first order differential value of the zero-field resonance signal is
Equation (4) shows that the first order differential value of the zero-field resonance signal has a maximum only when the magnetic field along the three directions becomes zero simultaneously. Therefore, we can compensate the triaxial magnetic field by maximizing the first order differential value of the zero-field resonance. The first order differential value of the zero-field resonance changes with the magnetic field as shown in Figure 1 The simulation results of the zero-field resonance signals and their first and second order differential values under different magnetic field conditions along the x-axis and z-axis. The blue, red, yellow, purple, and green lines show that (β x , β z ) = (0,0), (0.5,0.5), (0.5, −0.5), (1,1), and (−1,1), respectively. (a) The zero-field resonance signal under different magnetic field conditions. (b) The first order differential value of the zero-field resonance signal under different magnetic field conditions. (c) The second order differential value of the zero-field resonance signal under different magnetic field conditions.
To demonstrate that the maximum of the first order differential of the zero-field resonance signal is unique in the given interval, we derive the second order differential value of the zero-field resonance as follows:
The second order differential value of the zero-field resonance changes with the magnetic field as shown in Figure 1 (c). Figure 1 shows the simulation results of the zero-field resonance signals and their first and second order differential values under different magnetic field conditions along the x-axis and z-axis. The blue, red, yellow, purple, and green lines represent that (β x , β z ) = (0,0), (0.5,0.5), (0.5, −0.5), (1,1), and (−1,1), respectively. Figure 1 (a) shows that only when (β x , β z ) = (0, 0), the resonant dispersion curve has a central symmetrical shape, and the slope of the resonant dispersion is the maximum. When β x = β z , the zero-field resonance signal reaches its maximum S 0 /2 at β y = 1. When β x = −β z , the zero-field resonance signal reaches its minimum −S 0 /2 at β y = −1. The slope of the resonant dispersion curve acts as a useful figure-of-merit for comparing magnetometer sensitivity under different operating conditions [12] . Figure 1 (b) shows that the peak value of the first order differential of the zero-field resonance reaches its maximum S 0 when the total magnetic field reaches zero. Based on this character, we can compensate the triaxial magnetic field by maximizing the first order differential value of the zero-field resonance. When β x = β z , the first order differential of the zero-field resonance signal equals to zero at β y = 1. When β x = −β z , the first order differential of the zero-field resonance signal equals to zero at β y = −1. Figure 1 (c) is the second order differential of the zerofield resonance signal. The uniqueness of the extremum of the first order differential of the zero-field resonance signal in a given interval ensures that this method has no crosstalk effect.
After the x-axis magnetic field and z-axis magnetic field components are compensated to zero by adjusting the first order differential signal to the maximum, the DC response of the magnetometer can be used to compensate for the y-axis magnetic field. The monotonic interval of the zerofield resonance is from β y = −1 to β y = 1, which indicates that the linear response range of the magnetometer is related to the total relaxation rate and the optical pumping rate. Figure 2 shows the change of the first order differential value of the zero-field resonance with the three axes magnetic field.
The first order differential of the zero-field resonance changes from 0 to 1 and is represented by the color changed from yellow to red. The unit of the first order differential value is S 0 . β x , β y and β z changes from −1 to 1, and the maximum of the first order differential of the zero-field resonance is S 0 .
If we scan the y-axis magnetic field and get the first order differential value of the zero field, the peak value will become maximum when the x-axis magnetic field and z-axis magnetic field components become zero. The 3D plot of the first order differential value of the zero-field resonance of the SERF magnetometer estimated from (4) .The maximum value is S 0 , which occurs when all the three-axis components become zero simultaneously. 
C. THE INFLUENCE OF THE NON-ORTHOGONAL ANGLE OF THE MAGNETIC FIELD COILS
A significant advantage of our compensation method is that it can avoid cross talk even in the presence of the nonorthogonal angle of the magnetic field coils.
A common concern in the process of magnetic field compensation is the influence of the non-orthogonal angle of the magnetic field coils. The presence of the non-orthogonal angle of the magnetic field coils introduces cross-talk when the modulated magnetic field compensation method is applied. An example of the non-orthogonal angle of the magnetic field coils between the x-axis and z-axis and the cross-talk effect is shown in Figure 3 . The actual position of the coil is along the z'-axis, which deviates from its ideal position along the z-axis by an angle of α. Considering the modulated magnetic field compensation method presented previously [16] , when compensating the magnetic field along the x-axis, a modulation magnetic field B mod is applied along the z'-axis. B mod z is the projection of B mod along the z-axis. B mod x is the projection of B mod along the x-axis, which causes the cross-talk effect because of the compensation between the x-axis and z-axis. Our compensation method can avoid cross talk even in the case of the non-orthogonal angle. Any magnetic field vector in the x-z' plane can be decomposed into components along the x-axis and z'-axis. Because the maximum of the first order differential of the zero-field resonance is unique, as long as we scan the magnetic field along the x-axis and z'-axis to get the maximum of the first order differential of the zerofield resonance, we can get the correct and only compensation consequence of the two axes.
III. EXPERIMENTAL SETUP AND METHOD
The experimental setup is shown in Figure 4 . A spherical glass vapor cell with 2.5 cm in diameter, containing a small droplet of potassium of nature abundance, is filled with 50 Torr N 2 for quenching and 2280 Torr 4 He as the buffer gas. The cell is placed in the center of an oven made of boron nitride ceramic, which is heated by a set of twisted-pair wire heaters. The heaters are pasted outside the oven and driven by AC current at 100 kHz. The outer layer of the oven is the vacuum chamber, which maintains a vacuum environment at a pressure of a few Pascal. The vacuum chamber is wrapped in a piece of rubber tubing to provide water cooling. Five layers of µ-metal and one layer of ferrite are utilized to shield against the Earth's magnetic field. A set of flexible coils, driven by function generators, is glued to the vacuum enclosure to generate the compensation magnetic field. The pump light is along the z-axis and tuned to near the D1 line of potassium atoms [24] . The pump beam diameter is expanded by a beam expander to 25 mm, and the power of the laser light is amplified by a tapered amplifier. The linearly polarized pump light is converted into circular polarized light by a combination of a polarizer and a quarter-wave plate to polarize the potassium atoms. The probe light is along the x-axis and tuned to 769.851nm. The probe beam diameter is 3 mm. The polarized potassium atoms precess around the given magnetic field and give rise to a rotation of the linear polarized probe light. After the cell, the probe beam passes through a polarizing beam splitter (PBS) set at 45 • to the initial polarization. Then, the two probe beams, which are divided by the PBS, are simultaneously detected by a balanced photodetector. The signal is recorded by a data acquisition program based on LabVIEW. Both lights were originated by DBR lasers.
The maximum value of the first order differential of the zero-field resonance is S 0 , and the maximum value of the zero-field resonance at β y = 1 is S 0 /2. The sensitivity and compensation resolution of the magnetometer are closely related to the initial state of the electron spin polarization. To obtain better compensation resolution, we optimized S 0 under different pumping light powers and different operation temperatures as shown in Figure 5 . In Figure 5 (a), we fixed the operating temperature to 200 • C and compared the zerofield resonance when the pumping light power was 3 mW, 5 mW, and 8 mW. The slope of the zero-field resonance become smaller with the increase of the pumping light power. That may be due to the virtual magnetic field caused by the AC-stark effect or the heterogeneity of the spin polarization [25] , [26] . In Figure 5 (b), we show the variation in the zero-field resonance under different operating temperatures of 180 • C, 190 • C, and 200 • C when the pumping light power was 3 mW. The zero-field resonance curve gets steeper with the increase of the operating temperature. This can be explained by the spin-exchange relaxation-free effect: the higher the temperature is, the higher the spin-exchange rate is and the lower the relaxation rate is. According to (2), S 0 is enhanced with a decrease in the relaxation rate. After a series of comparisons, the operating temperature and the pumping light power were fixed at 200 • C and 3 mW, respectively, to maximize S 0 . FIGURE 6. The experimental process of obtaining zero-field resonance signals and its first order differential value. (a) The excitation magnetic field has a sawtooth waveform, whose frequency is 0.4 Hz and peak-to-peak value is 10 nT. (b) The zero-field resonance signal. The oscillation signal between two periods is the transient response of the magnetometer. (c) The first order differential value of the zero-field resonance signal before filtering. (d) The first order differential value of the zero-field resonance signal after a low-pass filter with the cut-off frequency of 8 Hz. The maximum of the first order differential value of the zero-field resonance is 0.684 under this condition. ZFR, zero-field resonance; DZFR, differential value of zero-field resonance.
To validate this method experimentally and illustrate the process of extracting the maximum of the differential value, we take the results at B x = 0.5 nT and B z = −0.5 nT as an example. We scanned the magnetic field along the y-axis to obtain the zero-field resonance. The excitation magnetic field has a sawtooth waveform with a frequency of 0.4 Hz, as is shown in Figure 6 (a) , which changes from -5 nT to 5 nT linearly with time in one period. The zero-field resonance signal is shown in Figure 6 (b), which appears in the range of about ±2 nT of the excitation field.
When the excitation field changes suddenly from 5 nT to -5 nT, the zero-field resonance signal reflects the transient response of the electron spins which is a damped sinusoidal waveform [27] . To obtain the real time differential value of the zero-field resonance, we use the second order central difference method: where i = 1, 2, . . . , n-1, X i is the sampling value of the zero-field resonance signal, Y i is the sampling value of the first order differential value of the zero-field resonance signal and t is the sampling interval which is determined by the program based on LabVIEW. The differential value is shown in Figure 6 (c). The oscillation signal of the DZFR has the same frequency as the transient response. But the amplitude of the oscillation part becomes much higher than that of the smooth part in the DZFR signal. The oscillation which exceeded the peak value of the DZFR is a high frequency noise from the perspective of extracting the maximum differential value. We apply a low-pass filter with a cut-off frequency of 8 Hz to eliminate the high frequency oscillation. The cut-off frequency can be preliminary calculated using ω = γ e B q [25] ,and finally determined by test considering the experimental condition. The first order differential value after filtering is shown in Figure 6 (d) . The asymmetric shape of the DZFR peaks in Figure 6 (c) and (d) is partially because of theoretical skewing which can be explained by (4) , partially because of the fluctuation of the background magnetic field and instability of the power of the pump light. Figure 7 is a flow diagram illustrating the new method we developed to extract the maximum of the first order differential value of the zero-field resonance signal.
The maximum of DZFR changes with the magnetic field along the x-axis and z-axis. The ''field compensation method'' in practice is that we adjust the magnetic field point by point in the x-z plane while monitoring the maximum of DZFR. When the maximum of DZFR can't get any larger, we get the compensation result of the two directions. This The compensation resolution is 9 pT and 7 pT for the x-axis and z-axis. The red squares (blue triangles) denote the variation of first order differential of the zero-field resonance with the magnetic field along the z-axis (x-axis) when the x-axis magnetic field (z-axis magnetic field) is fixed at 0. process can be implemented by an automated program. For example, when B x = 1nT and B z = 1nT, the maximum of DZFR is about 0.4, when B x = 0.5nT and B z = −0.5nT, the maximum of DZFR is 0.684, when B x = 0nT and B z = 0nT, the maximum of DZFR is 0.983. During the process of scanning the magnetic field along the x-axis and z-axis, we find the maximum of DZFR can't be bigger than 0.983, then we confirm that the compensation results should occur when the maximum of DZFR is 0.983.
IV. RESULTS AND DISCUSSION
The experimental results of compensating the magnetic field in the directions of the x-axis and z-axis are plotted in a 3D color map surface with projection, as shown in Figure 8 (a) . The original value of the first order differential of the zerofield resonance is on the order of 10^−4 in the unit of Volt. To simplify the expression, we expanded the raw data by 10,000 times. For example, the original peak value is 0.983E-4, and we expanded it to 0.983. The absolute value of the first order differential of the zero-field resonance won't influence the compensation results. The two horizontal axes are the real residual magnetic fields along the x-axis and z-axis. They changed from −1 nT to 1 nT with an interval of 0.1 nT. The maximum of the first order differential value of the zero-field resonance at different magnetic fields is extracted using the same method described in Figure 6 and Figure 7 . The color map comprises 441 points which represent the maximum value of the first order differential of zero-field resonance at different magnetic fields.
The maximum changes from 0.406 to its peak value 0.983 when the magnetic field along the x-axis and z-axis become zero simultaneously. The compensation resolution is derived from Figure 8 (b) . The red squares denote the variation of first order differential of the zero-field resonance with the magnetic field along the z-axis when the x-axis magnetic field is fixed at zero; the blue triangles denote the variation of the first order differential of the zero-field resonance with the magnetic field along the x-axis when the z-axis magnetic field is fixed at zero. When the magnetic field changes from 0 to 0.1 nT, the first order differential value of the zero-field resonance along the x-axis and z-axis changes from 0.983 to 0.972 and 0.969, respectively. The minimum change of the first order differential value of the zero-field resonance is 0.001, from which we can deduce that the compensation resolution is 9 pT and 7 pT for the x-axis and z-axis, respectively. It is free from influence of the minimum change of the compensation electric current in the coil.
After the x-axis magnetic field and z-axis magnetic field components are compensated to zero, we use the DC response of the magnetometer to nullify the y-axis magnetic field, as shown in Figure 9 . The red squares represent the experimental results of the zero-field resonance, which includes the linear response region of the magnetometer. The black line denotes the fitting curve which is based on (3) . The symcenter of the fitting curve indicates that the compensation magnetic field along the y-axis is −90 pT. The interval between the two extreme points of the fitting curve shows that the monotonic interval of the zero-field resonance is from −660 pT to 660 pT.
Because the zero-field resonance continuously changes near the zero field, the compensation resolution of y-axis is mainly limited by the compensation coil. The coil constant is 0.5nT/V in our experiment, and the resolution of the signal generator is 0.1mV. Therefore, the compensation resolution of the y-axis is 0.05pT. When the cell temperature is 200 • C and the power of the pump light is 3mW, the noise level of the magnetometer is about 1fT/Hz 1/2 , and the compensation resolution value stated here is above the noise level of the system.
The proposed and existing methods are compared in Table 1 . The compensation resolution is comparable to the cross-modulation method under the same experimental conditions, which is precise enough for SERF magnetometers [12] .
V. CONCLUSION
In conclusion, we demonstrate a non-modulated magnetic field compensation method for SERF magnetometers. VOLUME 7, 2019 It utilizes the first order differential of the zero-field resonance to compensate for the field along the x-axis and z-axis. The magnetic field along the y-axis is compensated utilizing the DC response of the magnetometer. Compared with existing methods, the advantage of our method is that it avoids the cross-talk between the two axes by compensating for the magnetic field along the x-axis and z-axis simultaneously. And it need not to be iterated several times to converge like the modulated methods, which reduces the complexity for the automatic compensation algorithm. Moreover, because a lock-in amplifier is not required for modulation, our method is more applicable for miniaturization of magnetometers. By analyzing the experimental results of the compensation, the compensation resolution is deduced to be 9 pT, 7 pT, and 0.05 pT for the x-axis, z-axis, and y-axis respectively, which is comparable to that of the cross-modulation method. The compensation resolution is closely related to the equilibrium spin polarization S 0 . Further improvement in the compensation resolution may be attained by optimizing the optical pumping rate through the counter-propagating pumping method and lowering the relaxation rate by using coated cell. MING DING received the Ph.D. degree in optoelectronics from the Optoelectronics Research Centre, Optical Fiber Nanowires and Related Devices Group, University of Southampton, Southampton, U.K., in 2013. She is currently a Professor with the Research Institute of Frontier Science, Beihang University, Beijing, China. Her current research interests include atomic magnetometers, micro-and nanoresonators, and microand nano-fiber. VOLUME 7, 2019 
